Hard X-ray dark-field and phase contrast imaging using grating interferometry have shown great potential for medical and industrial applications. However, the wide spread applicability of the method is challenged by a number of technical related issues such as relatively low dose and flux efficiency due to the absorption grating, fabrication of high quality absorption gratings, slow data acquisition protocol and high mechanical stability requirements. In this paper, the authors propose an interferometric method for dark-field and differential phase contrast imaging based on phase shifting elements only with the purpose to improve the dose and flux efficiency and simplify the setup. The proposed interferometer consists of two identical phase gratings of small pitch (1.3 lm), which generate an interference fringe at the detector plane with a large enough pitch that can be resolved directly. In particular, the system exhibits flexible and tunable dark-field sensitivity which is advantageous to probe unresolvable micro-structure in the sample. Experiments on a micro focal tube validated the method and demonstrated the versatility and tunability of the system compared to conventional Talbot grating interferometer. Published by AIP Publishing.
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[http://dx.doi.org/10.1063/1.4973520] Talbot(-Lau) grating interferometry (GI) 1-3 is a phase sensitive imaging method that has great potential for a number of medical and industrial applications. [4] [5] [6] [7] [8] [9] [10] [11] [12] GI provides access to three complementary signals simultaneously: the conventional absorption, the differential phase contrast (DPC) related to refraction of the incoming beam and the visibility reduction that relates to the small angle scattering (SAXS) taking place in the sample and is well known under the term dark-field. 13 Both differential phase and dark-field can provide additional information about the sample to the conventional absorption contrast. Specifically, the DPC signal is highly sensitive to fine electron density variations in the sample, which results in a higher contrast for soft tissues or low-Z materials. The darkfield signal can reveal structural information about the unresolved microstructure of the sample in a size scale beyond the resolution capabilities of the detecting system. 15, 16 The usual realisation of a GI is the Talbot-Lau interferometer consisting of three gratings G 0 , G 1 and G 2 . 17 The first grating G 0 (absorption grating) is optionally used to generate enough spatial coherence when X-ray sources with a large focal size are used. G 1 is a phase grating that splits the beam and generates an interference pattern at the Talbot distances, and G 2 (absorption grating) is used to sample the generated interference fringe. This is done by a procedure called phase stepping, where G 2 is usually scanned for one or more periods of the interference fringe and images are acquired at each step. This configuration allows to decouple the detector resolution from the grating pitch but relies on the fabrication of high aspect ratio metal structures (G 2 ) 14, 18 and further reduces the flux and dose efficiency, which is crucial for medical applications due to the additional photon loss after the sample. Therefore, a technique based only on phase shifting elements is favourable. 19, 20 Moreover, for the investigation of unresolved microstructures by means of the dark-field signal multiple measurements at different correlation lengths need to be performed. 15, 16, 21 The correlation length n basically depends on three factors: wavelength k, sample to detector distance L s , and the period of the interference fringe p.T h ep r o p o s e d methods so far focus on moving the sample between the detector and the phase grating G 1 in order to scan at different correlation lengths. 21, 22 Nonetheless, such an approach has a number of limitations. Primarily, when a cone beam geometry is considered, the sample magnification changes, meaning that additional computation steps, such as image registration, are required for analysing the data. Additionally, this might not be feasible depending on the length of the interferometer compared to the analysed sample. A different approach makes use of the change of the wavelength k; 23 however, implementing such an approach on an X-ray tube setup would require spectral detectors that still are not widely available. In order to tackle all these limitations, an interferometer that can change its correlation length in a robust way without major geometrical changes would be beneficial.
In this work, we examine the possibility of combining two phase gratings to perform absorption, differential phase contrast, and tunable dark-field imaging. Such configurations, operated in parallel beam geometry, have been shown to produce fringes for a wide range of distances in the visible light regime. 24 Our implementation is based on two identical silicon phase gratings of a period of 1.3 lm covering an area of 5.5 Â 7.5 cm . Specifically, by varying the distance between the two phase gratings, the fringe period can be modulated that allows to tune the length scale sensitivity 21 of the system and perform scans that can provide additional insight into the sample microstructure.
A schematic of a generic implementation of the proposed interferometer is shown in Figure 1 Published by AIP Publishing. 110, 014105-1 conventional Talbot-Lau grating interferometers. The first phase grating G 1 introduces a modulation to the phase of the incoming X-rays. Due to the Talbot effect, an intensity distribution will be generated at specific distances. This distribution will act as virtual structured illuminations onto the second phase grating G 2 to generate a large pitch fringe at the detector plane. The generated fringe at the detector plane should be large enough to be sampled without aliasing artefacts by the detector in use. Moreover, a total length of approximately 1.1 m is designed in order to have a relatively compact system. In the current implementation, we choose a symmetric design (l 1 ¼ l 2 ¼ l and
with both gratings of 1.3 lm pitch for the sake of convenience. The gratings were etched to a depth of 23 lm that introduces a p phase shift at 17 keV. At this energy, the distances were defined to be l ¼ 50 mm and d ¼ 5 mm, and we will refer to these distances as nominal. It will be demonstrated that such an interferometer can still perform when deviating from its nominal imaging conditions without a considerable loss in performance due to its polychromatic character. The sample is placed right before the grating G 1 that results in an effective magnification of approximately two.
A microfocal X-ray tube was used as an X-ray source with a source size of 9.5 lm (70 kVp and 100 lA). The detection was performed with a Princeton Instruments PI-SCX:4300 X-ray detector. The pixel size of the detector was 24 lm allowing to record fringes with a period down to 100 lm. Taking into account the two-fold magnification, the effective imaging field of view (FOV) was 2.5 Â 2.5 cm 2 . The PI-SCX:4300 X-ray detector is equipped with a Gd 2 O 2 S:Tb (Gadox) scintillator, which is very efficient at energies up to 20 keV (50% efficiency).
The system can be operated in two imaging protocols: single shot and phase stepping. In the single shot protocol, fast and straightforward imaging can be performed with trade off in image resolution. The retrieved image resolution is defined by the period of the generated fringe, which has to be larger than the detector resolution. In the case of phase stepping, one of the two gratings is shifted by one or more periods, which results in a shift of the observed interference fringe at the detector plane. An image is recorded for each phase step, allowing us to record a period of the interference fringe at each pixel. The resolution of the detector is maintained, however multiple exposures are necessary as well as appropriate motors to move one of the two gratings with sub-micrometer steps. The retrieval of the three complimentary signals is identical to the methods used in the standard grating interferometry when phase stepping is used 13 or based on the spatial Fourier transform in the case of single shot imaging. 25 Before presenting a few imaging examples, we evaluated the system performance for different intergrating distances d 1 þ d 2 in order to demonstrate the robustness of such a configuration. The evaluation was based on two metrics: fringe visibility and phase sensitivity. Both of them were calculated with the phase stepping approach. Under the assumption that one of the two gratings is scanned for one period, the visibility is given by was set to 70 kVp and the current to 100 lA. 26 A total of 5 phase steps over one period were acquired at each distance with an exposure time of 60 s each. In Figure 2 (a), we can see how the mean visibility varies for the different distances. The maximum is obtained at an intergrating distance of approximately 10 mm (nominal distance). Although the fringe visibility is widely used for the characterisation of interferometric systems, the phase sensitivity can provide additional insight on the performance when acquiring DPC images. The phase sensitivity can be retrieved from the standard deviation r DPC of the background of a DPC image. 27 The r DPC is related to the minimum detectable refractive angle by
where p is the fringe pitch. We imaged a water phantom (Eppendorf tube) at different distances in order to retrieve the DPC signal and calculated the phase sensitivity, which is plotted in Figure 2 (b). The curve shows that the phase sensitivity is more or less constant for a large range of values in comparison to the visibility measurement. This indicates that DPC imaging can be performed for a large range of intergrating distances. The system can be used for conventional DPC imaging; however, in this paper, we focus on the length scale tunability of the system for dark-field imaging. The length scale sensitivity of an interferometer is characterised by the correlation length 16, 21 n
where k eff is the effective energy of the system that was found to be 22.8 keV, L s is the sample to detector distance and p is the interference fringe pitch. For a fixed design of a Talbot-Lau interferometer, the only way of tuning the correlation length is by changing L s . However, changing L s will result in different magnifications for the sample in cone beam geometry, which complicates further data analysis and sometimes might not even be possible. With the proposed system, n can be changed by tuning the intergrating distance by a few millimetres, which changes the fringe period p,a s seen in Figure 2 (c), and this does not affect the magnification of the system and in principle does not change its geometry neither. The change in length scale sensitivity was demonstrated by imaging a powder sample consisting of two SiO 2 powders produced by Cospheric LLC, USA, 28 of different mean grain sizes of 1.7 lm and 0.26 lm. The powders were placed in the same cylindrical container one on top of the other and imaged for intergrating distances ranging from 5 to 23 mm with a step of 1 mm. This resulted in a change in the correlation length from 103 nm to 458 nm approximately. The signals from the powders changed significantly, especially for the coarser powder the signal almost doubled. Another interesting observation was the contrast inversion between the two powders. To quantify the difference between the two powders, we calculated the thickness independent R value
where B is the visibility reduction and T is the transmission. 13 In Figure 3(d) , the R values for the two different powders are plotted for each intergrating distance. The change in the strength of the dark-field signal for the two powders can clearly be seen from the two dark-field images at intergrating distances of 5 and 23 mm in Figures 3(b) and 3(c) , respectively. For the sake of completeness, we also show the absorption image (Àln T) in Figure 3 (a) that stays constant for the different distances.
A big bellied seahorse was imaged in the single shot mode to demonstrate the imaging capability of the system for biomedical applications. The sample was imaged with the same conditions as the characterisation tests. In order to image the complete sample, stitching was performed using 2HÂ 3 V FOVs with an appropriate overlap to allow lossless stitching. The resulting images after stitching are shown in Figure 4 .
To sum up, we presented a flexible grating interferometer based only on two phase modulating gratings that eliminates the absorbing structures in the beam path. This allows high flux and ultimately dose efficiency that is critical for fast and dose sensitive experiments. The main strength of the system is its length scale tunability for dark-field imaging. This can be achieved easily by changing the distance between the two gratings that has no effect on the total system length and sample magnification. Such an option can be valuable for investigating porous samples or particle systems in a quantitative manner.
